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Introduction 50
Despite numerous calls for the importance of recreational fishing to have greater acknowledgement in fisheries management (Kearney et al. 1996 , Morales-Nin et al. 2005 , there remains a paucity of long-term data on recreational fisheries, their impacts, and social and economic importance (Lewin et al. 2006 ). Recreational fishing may have similar impacts on fish stocks (Coll et al. 2004 ) and ecosystems 55 (Lewin et al. 2006) as commercial fishing and, in certain areas, can form a greater proportion of the total catch than the commercial harvest (Kearney et al. 1996 , McPhee et al. 2002 . Recreational fishing can play an important role in the social dynamics of communities (Finn and Loomis 2001 , Henry and Lyle 2003 , Morales-Nin et al. 2005 and is a popular activity worldwide, for the provision of food (Burger 60 2002) and as a leisure activity (Henry and Lyle 2003) . The capacity for fishers to change their behaviour at will, perhaps targeting an alternative species (Gentner 2004) or travelling further to fish (Arlinghaus 2005) , determines that managers must consider potential changes in fisher behaviour when assessing the overall impact of a recreational management strategy on an ecosystem. 65
Behavioural changes, such as a movement to alternative target species or gear types, have the capacity to yield fisheries management ineffective in an ecosystem context through shifting effort to other stocks or increasing fishing efficiency (Gentner and Sutton 2007) . For instance, investigation into commercial fisher behaviour after a netting ban in Florida found the majority of fishers altered capture 70 methods or target species in order to continue fishing (Smith et al. 2003) . Following the decline of groundfish stocks in Nova Scotia, commercial fishers were observed to fish further from their homeport (Binkley 2000) , thereby shifting their effort and potentially causing sustainability issues elsewhere. As a result of the potential impact Qualitative modelling was used to investigate the overall impact of changes in 80 the recreational fisheries management of a suite of key demersal species in the marine waters of south-western Australia. This region was used as a case study; the methods can be applied to investigate fisheries management issues in other situations. The qualitative modelling techniques used do not require quantitative estimates of the impacts of change (or perturbation) and can therefore be a useful technique in data-85 poor situations. For instance, the technique may be useful where the magnitude of change in fisher behaviour is unknown. These models were first used in ecology by May (1973) and Levins (1974) to depict trophic webs, investigate system stability and predict the direct and indirect effects of a perturbation on other variables in the system. While qualitative models do not provide an estimate of the magnitude of 90 change, an assessment of the likely trends in ecosystem dynamics may be more feasible for management than determining appropriate reference points for change in each variable (Rochet et al. 2005 ). In addition, qualitative modelling may be used to investigate system structure as well as highlight important relationships, impacts and data gaps within fisheries management systems (Hayes et al. 2008 , Metcalf et al. 95 2008 . This technique also provides a tool with which to examine the potential impacts of alternative management strategies. As such, qualitative modelling may be of particular use as a tool to assess the likely efficacy of new management strategies.
Page 5 of 38
A c c e p t e d M a n u s c r i p t 5 100
Material and Methods

Study region
This study was undertaken in the West Coast Bioregion, a management region of the Government of Western Australia (Fig. 1 ) that includes the marine waters for approximately 560km of coastline. The West Coast Bioregion contains roughly 81% 105 of the population of Western Australia (1.98 million people) and an estimated 457 300 of these people participate in recreational fishing (including fishing on charter boats) at least once a year (Barharthah 2008, www.fish.gov.au) . To reduce fishing effort for demersal fish in this region, the commercial sector underwent considerable rationalization in 2007, effectively reducing fleet size by an order of magnitude and 110 banning commercial fishing for demersal scalefish in the metropolitan zone (Fig. 1) .
A high level of recreational fishing effort remained in the region and the breedingstock biomass of dhufish (Glaucosoma herbraicum) and pink snapper (Pagrus auratus) were recently reported as declining and low respectively (Western Australian
Department of Fisheries 2008). 115
In 2009, a seasonal closure was proposed for the recreational fishing of a suite of demersal fish species, including dhufish, breaksea cod (Epinephelides armatus) and pink snapper in the West Coast Region. The seasonal closure would occur for two months per year (mid-October -mid-December) with the aim of reducing the capture of demersal fish within the suite. During this period, recreational fishing for other 120 species would be allowed. Potential changes in fisher behaviour during the implementation of a seasonal are unknown. Qualitative models were produced to investigate potential behavioural changes and the impacts that these changes may have on stock sustainability.
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Qualitative modelling and press perturbation 125
The relative growth of populations or species can be described by a graph, known as a signed digraph (Puccia and Levins 1985) , which displays interactions between variables using interaction signs (+, -, 0). For instance, the relationship between a predator and its prey will be represented by a positive direct effect to the predator (arrow) and a negative direct effect (closed circle) to the prey (Fig. 2a) . In 130 this example, Large fish prey on Small fish while the Fishery targets both Large and Small fish. Density-dependence and a reliance on factors external to the system are represented through negative self-effects. For example, if a species continues to increase in abundance, there may eventually be negative repercussions on birth rates due to resource limitation. Abundance would then decline until resource limitation is 135 no longer an issue. Similarly, if fishing activity for a group of fishers is limited by weather and costs (factors external to the system), a negative self-effect to the fisher variable can be used to represent this limitation.
Press perturbations (disturbances) may affect the dynamics of a system over a sustained period of time and may arise from long-term changes to one or more system 140 parameter (Bender et al. 1984) . A sustained increase in fishing pressure would be classed as a press perturbation. The community matrix A (Levins 1968, Puccia and Levins 1985) is composed of the direct effects (links) between variables (or species).
For instance, there is a direct effect from predator to prey as a predator will cause a reduction in the abundance of prey, however, the predator may not have a direct effect 145 on the abundance of primary producers that the prey feeds on. The adjoint of the negative community matrix (adj. -A, Table 1 ) details the predictions of response (+, -, 0) to press perturbations and accounts for both direct and indirect affects of change (Dambacher et al. 2002 (Dambacher et al. , 2005 . Taking indirect affects into account, a perturbation A c c e p t e d M a n u s c r i p t 7 may result in predictions of change in variables that are not directly impacted by the 150 perturbation. When using qualitative modelling, press perturbations are usually shown in the adjoint matrix as an increase in the abundance of a specific variable.
Each prediction in the adjoint matrix represents a sum of positive and negative feedback cycles (Dambacher et al. 2002) (Table 1) , here termed complementary feedback cycles. The specific complementary feedback cycles that contribute to 155 predictions may be identified to determine the relationships driving each response (Dambacher et al. 2005) . Each cycle consists of the links from the perturbed variable to the impacted variable and the complement, which consists of links not included in the chain of interactions from the perturbed to the impacted variable. Two complementary feedback cycles are involved in response of the Fishery to an increase 160 (perturbation) in Large fish (Fig. 2b and c, Table 1 ). In the negative cycle, Large fish have a negative impact on the Fishery by reducing the abundance of Small fish captured in the Fishery (Fig. 2b) . In contrast, in the positive cycle, Large fish have a direct positive impact on the Fishery (Fig. 2c ). Figure 2c also shows the separation of the complement and the links from the perturbed variable to the variable of interest. 165
In this case, the complement consists of the negative self-effect on Small fish. Ambiguity in the prediction sign occurs when both positive and negative responses contribute to a prediction. If one positive and one negative response exists for a given perturbation, as in Figure 2 , the predicted response will be ambiguous because there is an equal chance of the response being positive or negative. In 170 contrast, if all responses are of the same sign, the prediction will be unambiguously A c c e p t e d M a n u s c r i p t 8 change (for further detail refer to Dambacher et al., 2002) . These subtleties can be 175 important for the ecological understanding of a system, as they can be used to assess system dynamics in regard to the relative strength of the links between variables.
'Average proportion of correct sign ' (Hosack et al., 2008) The core model focuses on a generalised fishery management system in which multiple species are targeted but some (Primary target species) are more highly valued than others (Alternative target species) (Fig. 3) . The variable, Fishing, was 195 used to represent fishers or fishing effort and had a direct negative link to both the Primary and Alternative target species through the capture and removal of individuals. In contrast, Fishing was positively impacted by both target variables.
Fisheries management was used to represent a seasonal closure and was assumed to have a direct negative link to Fishing as a result of the restriction on effort 
iii) Models B and C: Additional management strategies (to manage secondary target species) 265
Investigation into hypothetical additional management strategies was undertaken to combat any potential increases in the fishing mortality of the alternative species due to management changes invoked for the primary target species (i.e. Fig. 5b) . A negative link from Fisheries management to Inshore fishing was already included in the model (Fig. 4) and it was therefore unnecessary to include additional links to represent reduced fishing effort. However, it was necessary to remove the direct links from Fisheries management to Other 285 nearshore species and Other inshore species. Restricting the capture of these fish by reducing Shore-based and Inshore fishing determined that the negative link from management due to behaviour switching during the seasonal closure would no longer apply, as the additional management restrictions would be expected to positively impact these species. As the model represents a situation where the seasonal closure 290 and additional restrictions would be acting simultaneously, it was assumed that the negative and positive links from Fisheries management cancelled one another (Fig.   5b ).
Results 295 i) 'Core' model
An increase in fisheries management (seasonal closure), was predicted to negatively impact the Fishery, positively impact the Primary target species and negatively impact the Alternative target species (Shaded boxes, Table 2 ).
The responses of Fishing and Alternative target species to Fisheries 300 management contained some ambiguity (average proportion of correct sign lower than 1.00) ( Table 2 ). All other responses were completely determined. Two negative and One negative path that contributed to the response of Fishing to Fisheries 315 management was the direct negative path to this variable representing the short-term situation where an overall reduction in yearly fishing effort occurred as a result of the seasonal closure (Fig. 6a) . Such a situation may also occur if some fishers stop fishing altogether due to the new management measures. The second negative path represents the situation where management caused fishers to switch to an alternative target, 320 thereby reducing the abundance of Alternative target species and eventually creating a decline in Fishing (Fig. 6b) . Finally, the positive path from Fisheries management to Fishing represents the situation where the seasonal closure allowed the Primary target species to increase in abundance and this, in turn, allowed fishing to increase (Fig.   6c ). The public perception that a seasonal closure will increase the abundance of the 325 target species could result in a 'spike' in fishing effort pre-and post-closure. A spike in fishing effort may also occur if fishers feel the need to 'fish while they can'. If the interactions in the path representing this spike in fishing effort are stronger than the Page 14 of 38 A c c e p t e d M a n u s c r i p t 14 decline in effort, due to a reduction in Alternative target species (Fig. 6b) and as a direct result of the seasonal closure (Fig. 6a) , an increase in fishing may be observed. 330
ii) Model A: Fisher behaviour and a seasonal closure for key demersal fish species
The detailed model, based on the demersal recreational fishery in the West Coast Bioregion, displayed similar dynamics to the core model. All fish variables, excluding those protected during the seasonal closure, were predicted to decline in 335 abundance due to an increase in management (Table 3 ). In addition, there was some ambiguity involved in the calculation of prediction signs for the response of Nearshore and Inshore fishing to an increase in Fisheries management. The change in these fishing variables due to a seasonal closure will depend on the strength of the links referred to in the core models as a 'spike' in fishing effort following the re-340 opening of the Bioregion to fishing. Similarly, if these links were strong, an overall increase in fishing (throughout the year) as a result of the seasonal closure would be expected.
iii) Models B and C: Additional management strategies (to manage secondary target 345 species)
All models (A, B and C) predicted an increase in Demersal species as a result of a perturbation (increase) to Fisheries management with relatively high sign determinacy (Table 3) would reduce the incentive for fishers to travel elsewhere. In Model C, the average 360 proportion of correct sign was relatively low for both Fish elsewhere and Other inshore species, however, this strategy is likely to be more effective than the other strategies employed as all fish variables are predicted to increase in abundance.
Discussion 365
The qualitative modelling techniques undertaken in this study, while focussing on a Western Australian case study could be used to identify likely changes in system dynamics following perturbation or management change in any region. The technique can be particularly valuable as a management tool to highlight the range of potential 370 outcomes prior to data collection and the implementation of new management strategies. The core and detailed qualitative models both identified the potential for the seasonal closure to increase the abundance of the protected primary target species, suggesting the strategy may achieve the aim of reducing the fishing mortality of these species. Such confirmation of management objectives, in conjunction with similar 375 results from other models and quantitative analyses, may serve to reduce the uncertainty involved in the response to management (Sainsbury et al. 2000 , Nagy et al. 2007 ) and be useful in the decision-making process. In previous studies, seasonal closures have been suggested to be effective for species with seasonal migrations (Hunter et al. 2004) or long-lived, late-maturing species as well as those susceptible to 380 sex ratio bias, such as hermaphrodites (Heppell et al. 2006) . However, if the aim of management is to protect a large suite of species, as in this case study, it will be Page 16 of 38 A c c e p t e d M a n u s c r i p t 16 unlikely that all species will benefit to the same extent from a seasonal closure. As a result, it is critical that the closure is implemented at an appropriate time to maximise the protection of the most vulnerable fish populations and is of an appropriate length 385 to reduce fishing effort by the required amount.
In addition to predicting the response of the protected species during the seasonal closure, the qualitative models also allowed the identification of lessintuitive responses through the examination of the specific paths and feedbacks involved in each prediction (Puccia and Levins 1985, Dambacher et al. 2002) . The 390 ability to identify these interactions is useful for management as it can allow the identification of potential behavioural changes that may otherwise go unnoticed, thereby reducing the effectiveness of management (Rijnsdorp et al. 2001, Cox and Walters 2002) . For instance, the models illustrated a path through which a large change in the perception of catch rates of the primary target species (an increase) by 395 fishers could result in an increase in effort or an effort 'spike'. An increase in fishing effort pre-and post-closure may undermine the benefit to the demersal species from the seasonal closure by increasing, rather than decreasing, effort. While qualitative models generally assume all links have equal strength, when a response has both positive and negative feedback cycles (has a level of ambiguity) the strength of the 400 links becomes important. This effort spike would therefore only actually increase fishing effort if it was very large in comparison to the negative influence of introducing a seasonal closure, such as an overall reduction in fishers in the region.
The potential for such spikes in fishing effort to occur have been observed around the In order to combat a potential spike in fishing effort and target switching to 420 alternative species, the monitoring of fisher behaviour and education of recreational fishers by fisheries management agencies needs to be improved. Fishers should be informed of the time-scale involved in the recovery of the stocks, including clarification that an increase in catch rates due to a seasonal closure would not occur for a number of years. Indeed, for long-lived species that reach maturity at ages 425 greater than four years, such as many of the key species within the suite of demersal fish (Lenanton et al. 2009 ), it is biologically impossible for any recovery of the vulnerable age/size classes in under four years. The recreational fishing community also needs to be made aware that any spikes in effort would subsequently need to be dealt with by the introduction of further restrictions in fishing effort. 430
Qualitative models can be of particular benefit in highlighting areas of concern for management, which could then be used to support an argument for data collection Ecosim and Ecospace can be useful to provide information on general trends over time and space. However, they also have relatively large data requirements, which may increase the uncertainty of results and/or determine that the models cannot be produced in data-limited situations.
Data collection and further modelling of recreational fisher behaviour should 450 be undertaken as part of Ecosystem Based Fisheries Management (EBFM). EBFM is the next step forward for fisheries management and can be considered as an operational extension of Ecologically Sustainable Development (ESD) (Fletcher et al. 2002) . This form of management recognises the physical, biological, economic and social interactions among the affected components of the ecosystem and attempts to 455 manage fisheries to achieve multiple, often competing social objectives (Marasco et al. 2007 ). As such, it is critical that social information, such as recreational fisher M a n u s c r i p t Table 1 . Predictions of the direction of response to perturbation for the signed digraph in Figure 2 . Perturbations are read down the columns while the predicted directions of response are read across rows. Signs inside parentheses display the signs of all feedback cycles associated with the response. Prediction signs are the sum of these positive and negative feedback cycles. The shaded response is shown in the digraphs in Figure 2b A c c e p t e d M a n u s c r i p t A c c e p t e d M a n u s c r i p t Table 3 . Predicted responses to an increase in Fisheries management for detailed models including a seasonal closure alone (Model A, Fig. 4 ), a seasonal closure and restrictions on Fishing elsewhere (Model B, Fig. 5a ), and a seasonal closure and restrictions on fishing for Other inshore species and Other nearshore species (Model C, Fig. 5b ).
Variable
Model A (Fig. 4 
